Abstract. Molybdenum, a bcc refractory metal with a melting point of about 2600°C, has a high heat and electrical conductivity. In addition, it remains strong mechanically at high temperatures as well as at low temperatures. Therefore it is a technologically very important material for the applications operating at high temperatures. However, a multistage process is required due to the low drawability for making a deep drawn part from the molybdenum sheet. In this study, a multi-stage deep drawing process for a molybdenum circular cup was designed by combining the drawing with the ironing, which was effective for the low drawability materials. A parametric study by FE analysis for the multi-stage deep drawing was conducted for evaluation of the design variables effect. Based on the FE analysis result, the multistage deep drawing process was parameterized by the design variables, and an optimum process design was obtained by the process optimization based on the FE simulation at each stage.
INTRODUCTION
Molybdenum, with a melting point of about 2600°C, is a mechanically strong material even at high temperatures as well as at low temperatures, and thus it can be used for the applications operating at high temperatures [1] [2] [3] . However, because of the low limiting drawing ratio and the easy oxidation of the molybdenum at high temperatures, a multi-stage cold forming process is required for making a deep drawn part from the molybdenum sheet.
The manufacturing cost for the multi-stage process is related to the number of stage involved, and so reducing the number of stage as many as possible is one of the process design objective. For that purpose, the respective forming stages should be carefully designed and arranged in order to avoid a failure during the specified numbers of stages. Generally, design of such optimum multi-stage process requires a tremendous amount of trial-and-error using the experimental or the analytical approach [4] . Thus, in many cases, we have to be satisfied with a good design rather than the optimum design.
In the present paper, the multi-stage deep drawing process for a molybdenum cup was investigated experimentally and theoretically using FE analysis, and finally the optimum design of the multi-stage process was attempted by applying an optimization algorithm to the overall stage. Due to the tremendous amount of calculation time, the optimization was conducted under the constraint of fixed number of stage.
MULTI-STAGE DEEP DRAWING PROCESS AND PARAMETRIC STUDY BY FINITE ELEMENT ANALYSIS
The molybdenum sheet usually has a low drawing ratio, and thus it requires many drawing stages to be transformed into a deep drawn cup shape. To estimate the maximum strokes per stages and obtain the material properties for FE analysis, a tension test of the molybdenum sheet was conducted. The test procedure with the result and the constitutive modeling are described in the following.
Uniaxial Tension Test and Plastic Behavior Modeling
Uniaxial tension test of molybdenum sheet was conducted to measure the flow stress curve. As the asreceived molybdenum sheet has the planar anisotropy, the test was conducted for the specimens cut in the three different orientations of 0°, 45°, and 90° from the sheet. The test results for the respective orientation specimens are shown in figure 1. Though the molybdenum sheet has the anisotropy in the sheet plane as shown in figure 1 , we assume the sheet as an isotropic material for simplicity in the present study because the 3-D FE analysis using the anisotropic material model is computationally too expensive and also the ironing process, explained in the following, requires the local deformation analysis prior to the anisotropy analysis. Thus, the flow stress curves from the three orientations were averaged, similar to the r-value averaging, as 
Thin sheet specimen loaded in the uniaxial tension test experiences the localized necking, and then the localized necking finally leads to a failure of the specimen. If the flow stress behavior of the sheet is described as a power law, where we denote the stretching direction as 1.
However, the critical strain for the localized necking under plane-strain condition is necessary to predict the failure in the drawing process because the main deformation in the cup drawing is plane-strain stretching instead of uniaxial tension. Then the critical effective strain is calculated, similar to the uniaxial tension, as
From equation (2) and (3), it is assumed that the critical strain in the plane-strain drawing, * ε , is about 1.1547/2 times that in the uniaxial tension, * 1 ε .
Therefore we can approximate 1.1547/2 times the limit strain in the uniaxial tension test as the limit strain in the single-stage cup drawing. This limit strain provides an important criterion for single-stage drawing process design. However, as discussed below, the multi-stage deep drawing process includes the ironings as well as the pure drawings, and the failure behavior of the ironing is different from that of the drawing. For the evaluation of the failure criterion such as the critical strain for the drawing-ironing combined process, the failure mechanism during the ironing as well as the ironing effect on the material flow stress should be investigated.
Initial Multi-Stage Process Design and Experimental Try-Out
Final target cup dimensions and the cup design variables for the intermediate stages are shown in figure 2 and table 1. For the cup design variables, 8-stage process was initially designed as shown in table 1 based on the following rule of thumb; drawing ratio design considering the forming difficulty, design parameter design considering the process continuity (die corner radius, intake angle, etc.), process arrangement considering the volume constancy, and ironing process inclusion based on the experience. For the evaluation of the initial design, the multistage deep drawing was conducted using the machined drawing dies. Because of the low drawability of the molybdenum sheet as well as the difficulty of the deep drawing process, the experimentally obtained product showed the failure in the wall near the cup bottom at the stage #7. The experimental try-out results are shown in figure 3.
Illlllll^^l^ ' FIGURE 3. Experimental try-out result at each stage for the initial design
Parametric Study by FE Analysis
The ratio of wall thickness to cup diameter of this investigation is relatively large compared with other drawn cups assumed as sheet metal forming product. In addition, the thickness of the sheet is reduced by the ironing process. Therefore, the solid element modeling seems to be more suitable for the FE analysis of the local material flow by the ironing than the shell element modeling. In this study, the molybdenum sheet was modeled using multiple numbers of finite elements across the thickness direction. Because the ironing usually provides more uniform cup height distribution than the pure drawing, and the 3-D FE analysis considering the anisotropy of the material is computationally expensive for multi-stage simulation, 2-D FE analysis based on the isotropic material behavior was conducted in the following parametric study and the process optimization. For the FE simulation, the commercial code MARC was utilized.
The wall thickness of the cup must be reduced from 0.2 to O.lmm during the multi-stage deep drawing because the thickness of the as-received sheet was 0.2mm. The wall thickness reduction at each stage can be accomplished by controlling the clearance, c , between the punch and the lower die. If the clearance is smaller than the wall thickness, the current stage is regarded as an ironing process. If not the case, the current stage is regarded as a drawing process. For convenience, we consider only the cases when the clearance is smaller than or equal to the wall thickness. In that case, we assume that c = t for drawing, and c < t for ironing.
For the evaluation of the ironing effect on the final cup quality, FE analysis was conducted for 6 cases of different sequential clearance designs including the initial design. In the present study, for convenience, only the clearances at stages #2, #3, #4 and #5 were perturbed as shown in Clearance selection at the early stages should be carefully determined by considering the final product quality. In the current molybdenum cup deep drawing, it is assumed from the FE analysis result that the stage #2 should be drawing rather than ironing because the maximum effective strain after the final stage was lower or the process was more successful in cases of drawing than ironing at the stage #2. Considering the material flow prediction by FE analysis, it is assumed that the flange formed in the early stages hindered the material flow during the drawing or the ironing in the later stages. Therefore, for improving the material flow, the flange should be minimized as much as possible by drawing in the early stages.
The maximum stroke at each stage without causing failure can be controlled by the clearance. For evaluation of the maximum stroke, FE analysis was conducted by using different clearances for the stage #6 of the initial design. Pushing the punch downward until the failure occurred, the maximum possible strokes were predicted for a drawing and ironing as shown in figure 4 . However, the maximum stroke was also affected by the die corner radius, d
R . Using the corner radius of 2.0 instead of 0.5, the maximum strokes decreased as shown in figure 5. (a) stroke=4.13 (b) stroke=5.14 Die intake angle, θ , as well as the die corner radius had an effect on the maximum stroke. For evaluation of the effect, FE analysis was conducted by using different intake angles for the stage #6 of the initial design. FE analysis result shows that the maximum stroke increases as the intake angle increases, as shown in figure 6 . The reason is because the frictional force between the flange and the die hindered the material flow into the punch-die gap, and the flange-die contact area decreases as the intake angle increases.
(a) stroke=4.19 (b) stroke=5.14 (c) stroke=5.77 
OPTIMIZATION OF MULTI-STAGE DEEP DRAWING PROCESS BASED ON FINITE ELEMENT SIMULATION

Optimization Procedure
As discussed above, various design variables have an effect on the feasibility of the desired deep drawing. Therefore, the optimum multi-stage deep drawing process design requires the consideration of the effects by those design variables. However, the effects by the variables are cross-related due to the nonlinearity in the geometry and the material response, and so the effects by the respective variables provide only the intuition for process design. Therefore, a systematic optimization should be used with the FE simulation because the FE analysis based trial-and-error as well as the experimental approach requires tremendous amount of time and cost for the optimum design of the multi-stage process. Of course, the FE simulation should be validated by experiment if the FE analysis based optimization could provide a meaningful result.
In the present investigation, the commercial optimization code iSIGHT was used to design the optimum multi-stage process by calling MARC internally for FE simulation at each stage. As the optimization algorithm, the Adaptive Simulated Annealing (ASA) was used because it was very well suited for solving highly non-linear problems and also effective in finding the global optimum [6] . In the ASA algorithm, the design,
x , is updated from the previous design, is a random variable [7] .
Based on the previous FE analysis result, punch diameter, clearance, and stroke at each stage were selected as the independent design variables for optimization. Because the failure was closely related with the excessive strain, we assumed the objective function, ( ) 
Optimization Result based on FE Simulation
Through iterative calculations, an optimum multistage process was obtained. The cup deformations at each stage for the optimum design are shown in figure  7 . For comparison, the maximum effective strains predicted at each stage were shown in table 6 compared with those for the initial design. From the result, it is assumed that the maximum effective strain of the optimized final cup can be reduced to 78% of the initial design. This result suggests that the optimum process is practically more reliable than the initially designed process and, more important, the number of stage can be reduced. 
CONCLUSIONS
In the present paper, the multi-stage deep drawing using the molybdenum sheet was investigated by the experiment as well as the FE analysis. The parametric study was conducted for the multi-stage deep drawing, and the optimum design was obtained by the process optimization using the FE simulation at each stage. From the parametric study by FE simulation, it was assumed that various design variables such as clearance, die corner radius, and die intake angle had an effect on the stroke per stage, the material flow, and the final product quality. However, as the assumed effects provided only the intuition for optimum design, iterative FE simulation was conducted under the optimization algorithm to obtain the optimum multistage process.
The present paper showed the possibility of the FE analysis based optimization of the highly nonlinear process such as the multi-stage deep drawing. In the future, the failure criterion during the ironing and the 3-D FE analysis based optimization should be conducted for more precise process optimization.
